Integrins are a large family of heterodimeric receptors which mediate several important cell functions, including cell adhesion, cell growth and differentiation, cell motility, wound repair (16), and phagocytosis (29). Inappropriate or reduced expression of these receptors on certain cell types in vivo is also associated with the development of tumor growth and metastasis (9) and retinal degeneration (10). The pairing of different ␣ and ␤ integrins subunits determines the ligand binding specificity of each receptor (20) . Several different integrins recognize the Arg Gly Asp (RGD) sequence in different extracellular matrix proteins, such as fibronectin and vitronectin (28), and also require the presence of divalent metal cations for binding (21).
Integrins are a large family of heterodimeric receptors which mediate several important cell functions, including cell adhesion, cell growth and differentiation, cell motility, wound repair (16) , and phagocytosis (29) . Inappropriate or reduced expression of these receptors on certain cell types in vivo is also associated with the development of tumor growth and metastasis (9) and retinal degeneration (10) . The pairing of different ␣ and ␤ integrins subunits determines the ligand binding specificity of each receptor (20) . Several different integrins recognize the Arg Gly Asp (RGD) sequence in different extracellular matrix proteins, such as fibronectin and vitronectin (28) , and also require the presence of divalent metal cations for binding (21) .
Integrins have also been subverted by a number of different viral (5, 22, 27, 34, 36) and bacterial (6, 17, 18) pathogens in order to gain entrance to host cells. In the majority of cases, integrins mediate the initial attachment of the pathogen to the host cell surface. However, human adenoviruses (Ad) use the vitronectin binding integrins ␣v␤3 and ␣v␤5 to promote virus internalization (3, 36) rather than virus attachment (4, 33) . Ad entry into hematopoietic cells is mediated by distinct integrin receptors that facilitate both virus attachment (␣ M ␤2) and internalization (␣v␤3, ␣v␤5) (14) .
␣v integrins recognize an RGD sequence on the Ad penton base, which is conserved among several different virus serotypes (23) . Recent structural studies have localized the ␣v integrin binding site on intact Ad serotype 2 (Ad2) particles by using cryoelectron microscopy and image reconstruction (31) . The integrin binding sites, identified by the use of an RGDspecific monoclonal antibody (MAb) (designated DAV-1), are located at the apex of exposed, highly mobile loops on the Ad2 penton base protein. More recent structural studies have revealed that different Ad serotypes contain different-size RGD protrusions on the penton base protein (5a); however, it is not yet known how this influences integrin binding.
While integrins ␣v␤3 and ␣v␤5 both support Ad internalization, integrin ␣v␤5 selectively plays an important role in subsequent steps in virus penetration (36) . Binding of the penton base protein to integrin ␣v␤5 at reduced pH promotes Ad permeabilization of the cell membrane. Integrin ␣v␤5 is expressed on human bronchial epithelial cells (25) , a major site of Ad infection in vivo. In contrast, primary epithelial cells express little if any integrin ␣v␤3. The level of ␣v␤5 integrin expression on human airway epithelial cells in vivo has also been shown to be directly related to the efficiency of Admediated gene transfer (11, 12) .
In order to gain a better understanding of Ad interactions with its integrin coreceptors, we have produced the entire ectodomain of integrin ␣v␤5 as a secreted protein in insect cells using baculovirus vectors. Direct interactions of the secreted integrin with multiple Ad serotypes, as well as host cell-derived RGD ligands, were examined by solid-phase binding assays.
␣v cDNA, as well as a 5Ј KpnI and a 3Ј stop codon and EcoRI cloning sites, was also inserted into pBB4 in frame with a 144-bp cDNA fragment encoding the Fos dimerization domain (pPIC9DraFOS) (19) .
Using a similar cloning strategy, we PCR amplified a 2,154-bp cDNA fragment encoding the entire ectodomain of the ␤5 integrin subunit (26) (pCI/␤5; D. Cheresh) with BamHI and XhoI restriction cloning sites and PCR primers (5Ј-AGGGGATCCACCATGCCGCGGG, 3Ј-ATGGTCTCGAGGTTGGGGGTG TT). Following sequencing, the 2.1-kb fragment was digested with BamHI and XhoI and ligated into the pBB4 baculovirus transfer vector with the same cloning sites. A separate construct was also generated to produce ␤5 linked to the Jun dimerization domain. pBB4/␤5 was digested with XhoI and EcoRI, and a 144-bp fragment containing a polyglycine linker sequence and the Jun dimerization domain (pPIC9DR␤Jun) was digested with SalI and EcoRI and then ligated in frame with the truncated ␤5 cDNA in pBB4, which had been previously digested with XhoI and EcoRI.
To generate recombinant baculoviruses, Sf9 insect cells were cotransfected with 0.5 g of wild-type baculovirus DNA (Bac'n Blue DNA; Invitrogen) and 4 g of either pBB4/␣v or pBB4/␤5 or the same vectors containing the Fos and Jun forms of the integrin subunits (see Fig. 1 ). Following transfections, recombinant baculoviruses were isolated by plaque formation on Sf9 cells. Candidate recombinant baculoviruses were then amplified by growth on Sf9 cells, and viral DNA was isolated and analyzed on a 0.8% agarose gel and subsequently sequenced (Baculo/PCR; Invitrogen). High-titered baculovirus stocks expressing ␣v and ␤5 were generated by infection of Sf9 spinner cultures at a multiplicity of infection (MOI) of 0.3.
Immunoprecipitation, SDS-PAGE, and immunoblotting. For immunoprecipitation studies, 50% confluent monolayers of Tn5B cells in 24-well plastic tissue culture plates were infected with various ratios of ␣v and ␤5 recombinant baculoviruses or with each baculovirus alone. Eighteen hours postinfection, the cells were cultured for an additional 24 h in serum-free insect cell medium (Ex-Cell 400; JRH Biosciences, Lenexa, Kans.) containing 50 Ci of [
35 S]methionine (Amersham, Bedford, Mass.) per ml. The supernatants from infected or uninfected control cells were then harvested and incubated for 90 min at 4°C with 50 l of protein G-Sepharose beads (Pierce) containing 10 g of MAb P1F6. After a wash, the beads were boiled for 2 min in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and electrophoresed under nonreducing conditions on a 7% SDS gel (Tris-glycine; Novex). Following electrophoresis, the gel was fixed, dried, and subjected to autoradiography. For immunoblotting, soluble integrin was electrophoresed on an 8 to 16% SDS gel and then stained with Colloidal Coomassie blue (Novex) or transferred to a polyvinylidene difluoride membrane (Immobilon P; Amersham). The membrane was blocked by incubation in 10% nonfat dry milk in TBST (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 0.2% Tween 20). The blot was then probed with MAbs specific for the ␣v subunit (VNR 139) or the ␤5 subunit (1D11) or with a control anti-␣ M ␤2 antibody (CP3). Following extensive washing in TBST, the blots were incubated with a goat anti-mouse immunoglobulin G antibody linked to horseradish peroxidase (Bio-Rad). After further washes, the blots were developed with an enhanced chemiluminescence system (SuperSignal; Pierce).
Purification and ligand binding properties of soluble ␣v␤5 integrin. Tn5B insect cells were grown to a density of 2 ϫ 10 6 cells/ml in Ex-cell 400 medium in 2-liter shake flasks and then infected at an MOI of 1.0 with recombinant baculoviruses encoding ␣v and ␤5 (1:1 ratio). Protease inhibitors (1 g of leupeptin per ml, 5 g of aprotinin per ml) and a final concentration of 2% fetal calf serum were added at 16 h postinfection, and the culture supernatants were harvested by centrifugation usually at 48 h postinfection, while the cells retained 90 to 100% viability. Culture supernatants were concentrated approximately 15-fold (Ultralab 2 concentrator; Pall Filtron) with a 30K membrane filter (Omega) and then adjusted to a final concentration of 0.002% sodium azide with additional protease inhibitors. The concentrated culture supernatants were incubated overnight at 4°C with constant agitation with MAb P1F6 (22 mg) covalently linked to 5 ml of CNBr-Sepharose beads. The beads were then washed five times with 50 ml of 10 mM sodium phosphate buffer, pH 7.4, containing 0.6 M NaCl and 1 mM (each) MgCl 2 and CaCl 2 . The integrin was then eluted with 10 mM Na-acetate, pH 3.1, containing 1 mM MgCl 2 and CaCl 2 and immediately neutralized with 1 M Tris-HCl, pH 8.1. The eluted integrin fractions were analyzed by SDS-PAGE and for binding to the Ad2 penton base in an enzyme-linked immunosorbent assay (ELISA), as described below. Fractions containing the 155-and 100-kDa integrin heterodimer were pooled and concentrated (C-100 microconcentrator; Amicon) to approximately 300 g/ml and stored at Ϫ80°C.
Integrin binding to Ad serotypes and extracellular matrix proteins was quantitated in an ELISA. Purified Ad serotypes, recombinant Ad2 penton base, or extracellular matrix proteins were used to coat 96-well plastic tissue culture plates (Immulon-4; Dynatech) at a concentration of 1 g of protein/well. Nonspecific binding sites were quenched by incubation with a blocking agent (Superblock; Pierce), and then cell culture supernatants containing soluble integrin or immunoaffinity-purified integrin at 100 ng to 1 g/well were added to the plates and incubated at 22°C for 2 h. The wells were washed with phosphatebuffered saline containing a 1:50 dilution of Blocker Blotto (Pierce)-0.2% Tween 20 and then incubated for 1 h at 22°C with 100 l of 10 g of LM142 anti-␣v MAb per ml in blocking buffer. After further washes, the wells were incubated for 1 h with 100 l of a 1:10,000 dilution of goat anti-mouse immunoglobulin G linked to horseradish peroxidase (Kirkegaard and Perry Laboratories, Gaithersburg, Md.) in blocking buffer. Following additional washing, the reactions were developed by addition of substrate (ABTS [2,2Ј- 
RESULTS
Baculovirus expression of soluble integrin ␣v␤5. In order to study direct interactions of integrins with human Ad and host cell ligands, we used recombinant baculovirus vectors to express a soluble form of ␣v␤5 in Tn5B insect cells. To facilitate assembly of the integrin heterodimer (19), we inserted a glycine linker and Fos/Jun dimerization domain in frame with the C terminus of the integrin ectodomains (Fig. 1) . Baculovirus transfer vectors containing these constructs were used to produce recombinant baculoviruses in Sf9 cells. Plaque-purified recombinant baculoviruses were then tested for the ability to produce a soluble ␣v␤5 integrin heterodimer in Tn5B insect cells by immunoprecipitation. Two proteins, of 155 and 100 kDa, similar to the expected size of the integrin ectodomains, were immunoprecipitated by a function-blocking ␣v␤5 MAb (P1F6) from supernatants of cells infected with both the ␣v Fos and ␤5 Jun baculoviruses (Fig. 2 ). An infection ratio of 1:1 proved optimal for integrin expression (Fig. 2, lanes 1 to 3) . As expected, the integrin heterodimer was not detected in culture supernatants from cells infected with a ␣v Fos or ␤5 Jun baculovirus alone (lanes 5, 6). The ␤5 Jun , but not the ␣v Fos , integrin subunit was immunoprecipitated by MAb P1F6 (lane 6), while the ␣v Fos integrin subunit was capable of being immunoprecipitated by MAb LM142 (data not shown).
Studies were next performed to assess the functional activity of soluble integrin molecules produced in insect cells. Culture supernatants derived from cells infected with a combination of ␣v Fos and ␤5 Jun baculoviruses, but not those from cells infected with the ␣v Fos or ␤5 Jun baculovirus alone, reacted with the penton base protein in an ELISA (Fig. 3) . Optimal expression occurred at 3 to 4 days postinfection and declined thereafter. These findings suggest that a functionally active integrin heterodimer was secreted from cells coinfected with ␣v and ␤5 recombinant baculoviruses.
Purification and ligand binding analysis of soluble integrin ␣v␤5. In order to study further the ligand binding properties of the Ad coreceptor, we isolated the soluble integrin by immunoaffinity chromatography. As expected, the purified integrin was comprised of two subunits with relative mobilities of 155 and 100 kDa (Fig. 4) . Each of the integrin subunits was also recognized by the appropriate anti-␣v or anti-␤5 MAb, as detected by immunoblotting (Fig. 4) . A minor protein of approximately 35 kDa, derived from proteolytic cleavage of the ␤5 integrin subunit, was detected in some integrin preparations. Approximately 250 to 300 g of soluble integrin per liter of Tn5B insect cells was isolated.
Further studies examined the functional properties of the purified ␣v␤5 integrin. Purified ␣v␤5 bound to immobilized Ad2 penton base and virus particles as well as to vitronectin but did not recognize another RGD-containing extracellular matrix protein, fibronectin ( integrin to different Ad required the presence of divalent metal cations and was also inhibited by the presence of a synthetic RGD peptide (Fig. 6B) .
Effect of soluble integrin ␣v␤5 on Ad binding and internalization. Previous studies had indicated that ␣v integrin-deficient epithelial cells do not support efficient Ad internalization (36) and infection (12) , whereas cells expressing these receptors following transfection with ␣v integrin cDNA are rendered susceptible to infection, suggesting that these receptors play a crucial role in viral entry. In order to substantiate this hypothesis, we preincubated purified virions with antibodies to the Ad2 fiber or the penton base protein or with soluble ␣v␤5 and then assayed virus binding and entry into host cells. Ad2 binding to SW480 epithelial cells was completely inhibited by an antifiber antibody, whereas incubation of virus with the DAV-1 penton base MAb or soluble ␣v␤5 integrin had little effect on binding (Fig. 7A) . In contrast, soluble integrin ␣v␤5, as well as MAb DAV-1, significantly reduced (approximately 65%) Ad2 internalization (Fig. 7B) . These findings are consistent with a specific role of ␣v integrins in Ad internalization into epithelial cells rather than in Ad attachment. In contrast to epithelial cells, both binding and internalization of Ad to monocytic cells has been reported to be mediated by penton base interaction with cell integrins (14) . We therefore examined whether soluble ␣v␤5 was capable of interfering with Ad interactions with THP-1 monocytic cells. Consistent with the previous report, incubation of Ad2 with soluble integrin ␣v␤5 blocked both virus attachment to and internalization into THP-1 monocytic cells (Fig. 7C) .
Inhibition of Ad-mediated gene delivery by soluble integrin ␣v␤5. Further studies were performed to determine whether soluble integrin ␣v␤5 was capable of inhibiting Ad infection. For these studies we used a recombinant Ad5 vector encoding GFP (15) . Incubation of Ad5.GFP with soluble ␣v␤5 significantly inhibited virus-mediated gene delivery to both SW480 and A549 epithelial cells (approximately 50%) and nearly abolished delivery to THP-1 monocytic cells (Fig. 8) . These results further indicate that ␣v integrins promote Ad-mediated gene delivery as well as virus internalization.
DISCUSSION
The inherent difficulties associated with isolating native ␣v integrins from human tissues (30) has prevented an extensive analysis of integrin structure and function. The extracellular domains of integrins ␣v␤6 (35) and ␣ IIb ␤3 (24) have been previously expressed in mammalian or insect cells as secreted proteins. In each case, the expressed ␣ and ␤ integrin subunits formed a stable heterodimer in the absence of the transmembrane or cytoplasmic domains and also retained antigenic properties and ligand binding activity. We were therefore encouraged to examine whether integrin ␣v␤5 could also be expressed as a soluble protein, thereby facilitating analysis of its interactions with human Ad. Unfortunately, only small amounts of the ␣v and ␤5 ectodomains were produced by baculovirus vectors in Tn5B insect cells. However, the addition of a Fos/Jun dimerization domain (Fig. 1) increased production of the soluble ␣v␤5 integrin approximately fourfold (data not shown). This could be due to increased association of the integrin subunits, as has been reported for other multimeric cell surface receptors (19) . The soluble ␣v and ␤5 integrin subunits formed a stable heterodimeric complex (Fig. 2) , and the assembled integrin was also capable of binding to the Ad penton base protein (Fig. 3) as well as its natural RGD-containing ligand, vitronectin (Fig. 5) . The secreted ␣v␤5 integrin was also recognized by the function-blocking P1F6 MAb, which enabled isolation of the receptor by immunoaffinity chromatography (Fig. 4) .
Since distinct Ad serotypes have been shown to contain a conserved integrin-binding motif (RGD) in their penton base proteins, we examined whether soluble ␣v␤5 integrin was capable of recognizing different Ad serotypes. While the level of integrin binding to different Ad types varied (Fig. 6A) , competition studies indicated that the RGD sequence as well as the presence of divalent metal cations were required for integrin interactions with multiple Ad serotypes (Fig. 6B) . The least amount of integrin binding observed was to Ad12. It is worth noting that the Ad12 penton base contains a relatively short RGD loop (23) compared to other Ad serotypes, a structural feature which could reduce integrin binding (1, 7) . Previous studies have also reported that the Ad12 penton base RGD motif is capable of mediating cell adhesion and virus infection (2) . However, significant differences in Ad2-and Ad12-mediated cell adhesion and infection were noted, indicating that the integrin binding epitopes on these two proteins are not functionally equivalent. One possibility which could explain reduced interactions of Ad12 with ␣v␤5 in solid-phase binding assays is that the Ad12 penton base has a low intrinsic affinity for integrin ␣v␤5. Recent structural studies have indicated that a more extended flexible RGD loop may be important for receptor interactions (1, 7) . In vivo, high-affinity binding of Ad12 via the fiber receptor (4, 33) could permit subsequent low-affinity interactions of the penton base with the ␣v␤5 integrin. Further kinetic studies are needed to determine the precise binding affinities and stoichiometries of ␣v integrin interactions with different Ad penton base proteins.
The generation of a soluble integrin ␣v␤5 molecule also provided an opportunity to examine the requirements for this coreceptor in Ad entry and infection of epithelial or monocytic cells. Incubation of Ad2 particles with purified integrin had little effect on virus binding to epithelial cells; however, substantial inhibition of virus attachment to monocytic cells was observed (Fig. 7) . We interpret this result as the ability of soluble ␣v␤5 to compete for Ad2 binding to cell surface ␣ M ␤2 integrins (14) . The integrin also inhibited virus internalization into both cell types. These results are consistent with a previous report (14) , suggesting that integrins play distinct roles in diverse cell types. Soluble integrin ␣v␤5 was also capable of blocking Ad-mediated gene delivery to both epithelial and monocytic cells (Fig. 8) . The more pronounced inhibition of gene delivery to THP1 monocytic cells (Fig. 7B) is probably due to the fact that integrins on these cells mediate both virus attachment and virus internalization.
The findings reported here suggest that soluble integrins or specific antagonists of these molecules may represent an approach to the inhibition of infection by multiple Ad serotypes. To date, there are few antiviral agents capable of inhibiting Ad infections. Although Ad infections do not generally cause serious complications, fatal disseminated Ad infections have been noted with increasing frequency in immunocompromised and AIDS patients (13) . Strategies based on preventing Ad interactions with its cellular coreceptor may provide an approach to restricting cell entry by distinct Ad serotypes.
